Combining autologous bone graft and recombinant human bone morphogenetic protein-7 (BMP-7) to treat long-bone fracture aseptic atrophic nonunions theoretically could promote bone healing at higher rates than each of these grafting agents separately. We retrospectively reviewed prospectively collected data on patient general characteristics, clinical outcomes, and complications over 3 years to determine the healing rates and the incidence of complications and adverse events of this ''graft expansion rationale.'' There were 45 patients (32 male) with a median age of 43 years (range, 19-76 years). Minimum followup was 12 months (mean, 24.5 months; range, 12-65 months). There were seven humeral, 19 femoral, and 19 tibial nonunions. The median number of prior operations was two (range, 1-7). All fractures united. Clinical and radiographic union occurred within a median of 5 months (range, 3-14 months) and 6 months (range, 4-16 months), respectively. Thirty-nine (87%) patients returned to their preinjury occupation at a mean of 4.2 months (range, 3-6 months). The median visual analog scale pain score was 0.9 (range, 0-2.8; maximum 10), and the median functional score was 86 (range, 67-95; maximum 100) at the final followup. BMP-7 as a bone-stimulating agent combined with conventional autograft resulted in a nonunion healing rate of 100% in these 45 patients. Level of Evidence: Level IV, therapeutic study. See the Guidelines for Authors for a complete description of levels of evidence.
Introduction
Fracture nonunions continue to be challenging and occasionally have devastating complications despite ongoing advances in operative treatment and improvement in our understanding of fracture healing. Approximately 5% to 10% of the 6.2 million fractures occurring annually in the United States develop delayed unions or nonunions [35, 45] . Conventionally, nonunions are subdivided into hypertrophic or atrophic and septic or aseptic according to their clinical presentation and specific characteristics [3, 7] .
Atrophic nonunions have proven most difficult to treat, often requiring multiple operations and long periods of recovery (in certain series more than three operations on average in periods extending over 10 years) [10, 37, 53] . Several authors have reported healing rates in over 80% of the cases, mostly with enhancement of the biologic substrate at the fracture site [11, 17, 29] . Autologous bone graft (ABG) is regarded as the gold standard among the many available alternatives of biologic augmentation with Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution has approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. This work was performed at Leeds General Infirmary and Middlesbrough General Hospital.
reported efficacy of 87% to 100% [3, 4, 34, 41] . Nevertheless, it is also associated with limited availability, longer operative time, and donor site morbidity [2] . For these reasons, other methods of biologic enhancement are currently the center of attention and the subject of a substantial amount of biomedical research [21, 30, 44, 46] .
In 1965, Marshall Urist [6, 47] revolutionized the current understanding of fracture healing by hypothesizing the existence of bone morphogenetic proteins (BMPs) in the extracellular collagenous bone matrix. In 1988, Wozney et al. [49] identified the genetic sequences of BMPs. Since then, over 20 different BMP-homologous molecules have been described, 15 of which were identified in humans [43] . BMPs belong to the transforming growth factor-b superfamily, a large family of growth and differentiation factors, which are involved in several stages of embryonic organogenesis and in various stages of intramembranous and endochondral ossification during fracture healing [19, 36] . They have been tested in various experimental animal nonunion models [32, 39] . Since the FDA approval of BMP-7 for the treatment of recalcitrant tibial nonunions in 2001, its efficacy has been verified in a number of randomized trials [5, 18, 27] and large clinical series [12, 15, 23, 26, 33, 38] with healing rates ranging from 81% to 92%. BMP-7 stimulates proliferation [51] and differentiation [52] of pluripotent mesenchymal cell lines as well as angiogenesis through osteoblast-derived vascular endothelial growth factor [14] . Vascular supply at the fracture site has been considered for years the main cause of atrophic nonunions [1, 7, 48] . Given BMP-7 enhances the inherent osteoinductive capacity of ABG, facilitating the proliferation and differentiation of osteoprogenitor cells to mature osteoblasts, combined use of the two could be considered under a ''graft expansion'' rationale. The synergistic application of BMP-7 and ABG under this rationale has been previously described [27, 38, 55] , mostly in large series of nonunion cases with positive results (healing rates ranging from 88.8% to 92% in 6.5 to 7.9 months).
We therefore assessed the (1) healing rates and time to union and (2) complications and adverse events related to this combined treatment of ABG and BMP-7 in a series of patients with atrophic nonunions.
Materials and Methods
We retrospectively reviewed prospectively collected data on 45 patients with an equal number of atrophic aseptic nonunions of long-bone fractures that were treated with a combination of ABG and BMP-7 in two trauma centers between October 2003 and December 2006. All patients with atrophic upper or lower long-bone fracture nonunions were eligible to participate ( Fig. 1 ). We required they had undergone at least one prior failed attempt at treatment (with revision of the fixation alone, autografting alone, or both) in which no recombinant human BMP-7 was used. The two centers treat on average 8000 musculoskeletal injuries annually; during the time of the study, we saw 157 patients with nonunions. We excluded 55 patients with hypertrophic or septic nonunions, eight patients with contraindication to administration of BMP-7 (rheumatoid arthritis or other systemic inflammatory disease process), four patients with pathologic fracture nonunions, and 45 patients treated with BMP-7 (20 patients) or ABG (25 patients) alone.
There were 32 (71.1%) men and 13 (28.9%) women with a median age of 43 years (range, 19-76 years). We followed patients a minimum of 12 months (median, 21 months; mean, 24.8 months; range, 12-65 months) ( Table 1) . No patients were lost to followup. The ethics committees of both institutions approved the study. All patients included in the study signed the relevant informed consent form.
Relevant clinical data referring to the original injury and the initial management of the long-bone fractures were collected retrospectively, and relevant clinical data until final discharge from the orthopaedic outpatient clinic were collected prospectively. We recorded demographic data, anatomic site of atrophic nonunion, type of initial fracture (closed or open; classified according to the system of Gustilo et al. [24] ), initial treatment, subsequent procedures, additional revision stabilization, and postoperative complications. Seven nonunions (15.6%) were humeral, 19 (42.2%) femoral, and 19 (42.2%) tibial. Fourteen were originally open injuries: two (4.4%) Grade II, three (6.7%) Grade IIIa, and nine (20%) Grade IIIb. Of these 14 open injuries, 10 were tibial and four femoral nonunions. All nonunions were atrophic, and seven had bone defects of a median length of 2.5 cm (range, 2-4 cm). All intraoperative tissue cultures were negative and underlying infection was excluded clinically and microscopically. The median duration of the atrophic nonunion before recombinant human BMP-7 application was 20 months (mean, 36.4 months; range, 8-312 months). The median number of operations before the combined grafting was two (mean, 2.3; standard deviation, 1.4; range, 1-7). In 20 (44.4%) of the patients, iliac crest bone graft had been used previously at least once.
In 35 patients (77.8%), the fracture fixation was revised at the time of autograft and recombinant human BMP-7 application; 10 patients had open reduction and internal fixation (ORIF) (in one patient, ORIF replaced an Ilizarov external fixator; in nine, old implants were revised to new ones); 13 had exchange of the previous intramedullary nailing (IMN) to a new IMN; eight had conversion of the previous internal fixation to an Ilizarov frame (five IMN, three ORIF); and four had revision of their previous Ilizarov frame to a new one.
The revision strategy for treating all patients was based on providing optimal mechanical stability, when clinically needed, and enhancing the biologic substrate by applying the combination of the recombinant human BMP-7 (osteoinductive agent) and autograft (graft expander) at the same setting in all patients. All patients received prophylactic intravenous antibiotics perioperatively, and tissue samples were obtained in all patients during the revision surgery to exclude the presence of an underlying low-grade infection.
In all patients, we used recombinant human BMP-7 (Stryker Biotech, Hopkinton, MA) ( Fig. 2 ). Each unit contained 3.5 mg recombinant human BMP-7 mixed with 1 g Type I bovine-derived collagen. The total volume per unit was approximately 4 mL. Autologous cancellous bone was harvested from the iliac crest of the pelvis of each patient. Per-Q-Graft 1 Instrumentation (Wright Cremascoli Ortho, Chester, UK) was used through small 1-to 2-mm skin incisions in one institution to minimize local trauma.
The postoperative protocol included initial support by a brace or a splint (ranging from 3 to 6 weeks when they were used for humeral and tibial nonunions) and immobilization or partial mobilization depending on the site of the nonunion and the fixation method. Early passive and active range of motion of the affected limb was encouraged at the immediate postoperative period and followed up by outpatient physiotherapy sessions. Weightbearing status evolved progressively as we clinically and radiographically judged bone healing. Decreases of local pain on loading and tenderness in deep palpation were the main clinical criteria and bridging callus in two or more cortexes the radiographic prerequisites to progress further on weightbearing and use of the affected limb.
Clinical and radiographic assessment was performed at 1, 2, 3, 6, 9, 12, and 18 months after surgery or until clinical and radiographic union was established. We (PVG, RJM) defined clinical union as painless full-weightbearing status or upper limb function for humeral nonunions. A visual analog scale (VAS) score [40] to assess related pain was administered by the treating surgeons (PVG, NKK, SJM) (scale from 0 to 10, where 0 is ''no pain'' and 10 the ''worst pain'') as well as a scale similar to the EuroQol-5D general health questionnaire scale [16] . This was focused on the subjective functional status of the affected limb and not on the general health of the individual as in the Euro-Qol-5D. The patient was asked to draw a line from the cube representing the current functional status of his or her limb to cross a vertical scale from 0 (worst functional state) to 100 (best functional state). This was administered at the last followup appointment to quantify, respectively, residual pain and the functional outcome. The percentage of those patients returning to their preinjury occupation was used as an indicator of recovery. Any local or systemic allergic or anaphylactic reactions secondary to the BMP-7 administration were documented prospectively.
Two independent reviewers of each institution (CT, VS, RM, KV) assessed the radiographic union of the relative cases; radiographic union was defined as bridging callus on three of four cortices visible on both anteroposterior and lateral views (all necessary radiographs were available). The interrater agreement of their evaluation was assessed using Cohen's kappa coefficient. The overall interrater agreement of the radiographic progress of healing was j = 0.786. At 1, 2, 3 months, all reviewers agreed on the absence of radiographic healing; at 6 months, the kappa value was 0.862; at the end point of 9 and 18 months, all reviewers agreed about the progress of radiologic healing; at the 12-month end point, the kappa value was 0.789). We used Microsoft 1 Access TM for Windows 1 (Microsoft Corp, Redmond, WA) for tracking all data. Descriptive statistics were used where needed for explanatory purposes.
Results
All 45 patients progressed to nonunion healing ( Table 2) . Clinical healing occurred at a median of 5 months (mean, 5.5 months; range, 3-14 months) and radiographic healing at a median of 6 months (mean, 6.8 months; range, 4-16 months) (Fig. 3) . The median VAS for pain at the final followup appointment was 0.9 (range, 0-2.8). The median score of the functional scale at the final followup was 86 (range, 67-95). Thirty-nine patients (87%) returned to their preinjury occupations at a mean return-to-work time of 4.19 months (median, 4 months; range, 3-6 months). Six patients (13%), four tibial and two femoral nonunions, did not return to their preinjury occupation. These six patients all scored less than 70 on the function scale and more than 2 on the VAS for pain. Their persistent pain was attributed to soft tissue contractures (post-skin grafting) and joint stiffness.
The skin healed in all 45 patients after the final revision procedure. There were no deep infections, no deep venous thromboses, and no neurologic deficits attributed to the operative treatment or the grafting procedure. Six patients (13.3%) had hematoma and pain over the iliac crest where the ABG was harvested; all resolved within 4 to 12 weeks (average, 6 weeks) from the grafting procedure. Three patients postoperatively developed superficial wound infections, which resolved with oral antibiotics for 2 weeks. No systemic or allergic reactions or adverse effects were encountered after the application of recombinant human BMP-7.
Discussion
The methods of biologic enhancement of bone healing are evolving, guided by the progress of our understanding and the advances of basic sciences [4, 29] . However, especially in the clinical setting of recalcitrant atrophic nonunions, the treatment of these severe complications is often Table 1 . unsuccessful, time-and large asset-consuming. The combination of different grafting materials and agents has been suggested in the past as an alternative to treating nonunions resistant to standard methods [27, 38, 55] . Following this rationale of ''graft expansion,'' we evaluated the efficacy and safety of the simultaneous use of ABG and (Table 1) . Photographs show (A-B) the nonunion site with the intramedullary nailing (IMN) in situ after the débridement of the nonunion tissues, (C) application of the BMP-7 putty at the nonunion site, and (D) application of the ABG at the nonunion site. Time to radiographic union (months)* 5 (4-12) 6 (4-10) 7 (4-16)
VAS for pain* 0.4 (0-1. recombinant human BMP-7 as an approach of biologic enhancement to atrophic aseptic long-bone fracture nonunions resistant to conventional means. Our descriptive study bears certain limitations, because no randomization was performed and no control groups were used. Further evaluation of this rationale is desirable and should originate from a randomized, controlled study of adequate power, thus avoiding any confounding variables and selection bias. A study accounting for these issues will have to be a multicenter one; a power calculation analysis revealed at least 180 patients would be required to achieve 80% power with an effect size of an increase of the rate of nonunion healing of 10%. A statistical validation of the interrater agreement between the radiograph reviewers was performed to attain a consensus on the time to nonunion healing with positive results (j = 0.76). The inclusion of three different anatomic sites (humerus, tibia, and femur) and the small number of the patients per anatomic site (7, 19 , and 19, respectively) do not allow comprehensive statistical analysis for further evaluation of our results ( Table 2 ). The absence of comparative functional outcome results during the period of followup of the 45 enrolled patients, as a result of the inadequacy of the retrospective part of our data, did not allow complete assessment of the progress of symptoms of the studied patients. However, the recorded level of final functional recovery and pain score was satisfactory and comparable to other series [27, 54] . Nevertheless, this case series offers a specific example of the combined application of BMP-7 and ABG for the most common long-bone nonunion sites and describes a 100% healing rate of a group of nonunions resistant to standard treatment means. Furthermore, despite recently raised concerns over local and systemic adverse effects (osteolysis, bone resorption, heterotopic calcification, allergic reactions) after BMP use [8, 22, 25] , no such complications were encountered over a minimum followup period of 1 year. The full hematologic, liver, and renal function profile was normal in the followup appointments. We did not, however, perform immunologic studies for antibodies to recombinant human BMP-7 or to Type I collagen carrier to exclude sensitization to human recombinant osteogenic protein-1 administration; thus, the absence of subclinical immunologic adverse effects cannot be excluded.
Our treatment approach was based on current evidence that autograft contains osteoprogenitor cells and osteoinductive factors and also provides some osteoconductive scaffolding properties [17, 31] and on the hypothesis that BMP-7 may enhance the osteoinductive capacity of the ABG [9, 23, 27, 38] . In patients with bone defects, the concept was to use BMP-7 as a powerful osteoinductive agent and the ABG as a graft expander. Previous authors have reported the results of either ABG [20, 41, 50] or recombinant human BMP-7 [15, 18, 23, 27, 33, 54] in isolation. Currently the existing clinical reports regarding the healing of atrophic nonunions with the use of BMPs have provided substantial arguments in favor of these agents ( Table 3 ). All of our 45 patients achieved union after implantation of autograft with recombinant human BMP-7. In the landmark study of Friedlaender et al. [18] , 82% of all patients receiving recombinant human BMP-7 or autograft achieved satisfactory healing. However, 3% of the patients implanted with recombinant human BMP-7 and 21% of patients receiving autograft alone developed (Table 1) after combined treatment with autologous bone graft (ABG) and bone morphogenetic protein-7 (BMP-7). (A) An anteroposterior radiograph taken on the first postoperative day after the combined grafting of the tibial nonunion shows the grafting material (ABG and BMP-7) as applied at the nonunion site. (B) An anteroposterior radiograph taken 5 months after the combined ABG and BMP-7 grafting shows the healed tibial nonunion. osteomyelitis postoperatively. The demographics in our study group were similar to those in the study of Friedlaender et al. [18] , including age, gender ratio, and number of prior surgical interventions; however, the mean duration of atrophic nonunion was higher in our series. Our findings confirm that recombinant human BMP-7 is a clinically safe osteoinductive implant, which is at the same time associated with substantial clinical and radiographic healing rates when it is implanted in conjunction with ABG for the treatment of atrophic nonunions. Given the ineffective prior use of ABG alone (gold standard) in 44.4% of our series, the high number (average 2.3) of previous unsuccessful surgical interventions and the long period of incapability and its economic implications (median time before combined treatment plus median time to union was 26 months), the highly effective strategy of combined ABG and BMP-7 use could have potential economic benefits. Recent publications have identified the importance of this aspect of contemporary medicine as well as the lack of existing evidence regarding the financial burden of treating nonunions of fractures [13, 28] . A gross comparison of the reported efficacy of ABG or BMP-7 of several published large series (Table 3 ) to our sample of the combined use of ABG and BMP-7 supports the existence of a potential synergism between recombinant human BMP-7 and ABG that may promote better healing rates in atrophic nonunions. A larger-scale randomized, controlled, blinded, prospective clinical study, comparing the efficacy of the latter combination against ABG and BMP-7 alone for the treatment of atrophic nonunion, will enlighten our hypothesis.
